We examined the quasiparticles formed by the photoexcitation of GaAs/ AlGaAs terahertz quantum cascade structures using terahertz time-domain spectroscopy. At low temperature and excitation density the measured conductivity was excitonic, with a 1s-2p transition energy indicative of three-dimensional excitons correlated across the quantum well barriers. Free electrons increasingly dominated the conductive response at higher lattice temperatures and excitation densities. Under an external magnetic field transitions from the 1s level into 2p states with different magnetic quantum number were observed, while at high excitation densities the electron cyclotron resonance became more prominent.
I. INTRODUCTION
In semiconductor nanostructures quantum confinement can create novel materials with tailorable optical and electronic properties substantially different from bulk systems. 1, 2 For instance, quantum cascade heterostructures can be used to make lasers and photodetectors at mid-and far-infrared wavelengths. [3] [4] [5] Recent work on terahertz quantum cascade lasers has focused upon covering the spectral range below 2 THz, 6 measuring their single-and multipass gain, 7 and enhancing their output power, including by applying a strong magnetic field perpendicular to the wells. 8, 9 In-plane carrier confinement may be required to create terahertz quantum cascade lasers that operate closer to room temperature, and applying a magnetic field is a straightforward way to investigate this. It is therefore highly desirable to investigate the properties of quasiparticles confined quantum mechanically and magnetically in quantum cascade structures, from the viewpoint of both fundamental and applied semiconductor physics.
Quantum confinement can promote the formation of excitons-bound electron-hole pairs-which often dominate the optoelectronic behavior of semiconductor nanostructures. 2 Unconfined ͑three-dimensional͒ excitons have a binding energy of E n = R X / n 2 , where n =1,2,3,... and the Rydberg constant is R X = 4.2 meV for GaAs. 10 Quasi-2D excitons can be created within semiconductor quantum wells, with narrow wells and high barriers enhancing the confinement and thus the exciton binding energy. 2 For 2D excitons, the binding energy is E m = R X / ͑m +1/ 2͒ 2 ͑where m =0,1,2,...͒, i.e., the ground state is more strongly bound than in 3D. Dipole allowed electromagnetic transitions can occur between different excitonic levels, with energies typically in the terahertz ͑far-infrared͒ frequency range in III-V semiconductors. While interband emission and absorption processes are altered by the presence of excitons, only low momentum states can be accessed optically, and coherent polarization effects can lead to photoluminescence at the excitonic resonances even without a population of excitons. 11 In contrast, the absorption of terahertz radiation promotes transitions between excitons in all momentum states, as has been demonstrated for excitons in GaAs quantum wells 12, 13 and in bulk Cu 2 O. 14 In this article we report the magnetoconductivity of excitons and electrons in quantum cascade structures, which we have measured using terahertz time-domain spectroscopy. We used near-infrared pulses to generate a quasiparticle distribution, and determined the complex conductivity using broadband pulses of terahertz radiation. At low excitation densities the observed response was dominated by the 1s-2p exciton transition at 5.0 meV, demonstrating that excitons are partially confined and that electron-hole correlations persist across the superlattice structure. At higher quasiparticle densities the photoresponse was increasingly indicative of an electron-hole plasma. Under an applied magnetic field the excitonic 1s-2p transition was witnessed to split into two states, resulting from the lifting of the degeneracy of the 2p energy level. The electron cyclotron resonance was observed at high photoexcitation fluences.
II. EXPERIMENTAL METHOD
Quantum cascade samples were mounted in the variable temperature insert of a split-coil superconducting magnet. The transmission of single-cycle pulses of terahertz radiation through the cascade samples was determined using a terahertz time-domain spectroscopy setup similar to that described in Ref. 15 . The Ti:sapphire laser system used produced 100 fs duration pulses of energy 11 nJ, at 800 nm wavelength, and with a repetition rate of 80 MHz. A schematic of the sample geometry is shown in the inset to Fig. 1 , where the terahertz beam path is labeled "THz." The terahertz pulses were TE-polarized, parallel to the plane of the quantum wells, making intersubband transitions dipole forbidden.
Photoexcitation of the sample was at 800 nm, with the pump beam ͑labeled "IR"͒ at right angles to the terahertz beam. A magnetic field from B = 0 -6.5 T was applied along the terahertz beam path. The pump beam was optically chopped, and the photoinduced change in the transmitted terahertz pulse was measured via a lock-in amplifier referenced to the chopper, by scanning the terahertz delay. The complex conductivity ͑͒ of the photoexcited region was calculated from the measured transmission change, at sample angles of = 30°and 45°͑Fig. 1͒. This was performed at various delay times of the pump beam. Additionally, the conductivity of the semi-insulating GaAs substrate data was obtained by rotating the sample to = 225°. The photoexcited conductivity of the cascade structure was determined at various sample temperatures T, pump fluences F, and applied magnetic field strengths B.
The quantum cascade structures examined in this study have been shown to lase at 2.0 THz and 2.9 THz, and are described fully in Refs. 16 and 17. No postgrowth processing of the as-grown wafers was performed. Both designs had bound-to-continuum laser transitions, and an average GaAs quantum well thickness of about 13 nm. The Al x Ga 1−x As barriers were between 1 nm and 4 nm thick, and x = 0.1 ͑x = 0.15͒ for the 2.0 THz ͑2.9 THz͒ sample. The total thickness of the ϳ100 repeat units of the active region was ജ10 m, far exceeding the penetration depth ͑ϳ1 m͒ of GaAs at 800 nm. A 70 nm thick n-doped layer was present on top of the sample. The photoexcited conductivity response was therefore dominated by the quasiparticles generated within the cascade heterostructure.
III. RESULTS

A. Dynamics of the photoconductivity
The time-resolved conductivity of the 2.0 THz cascade structure was obtained by monitoring the photoinduced change in the peak of the terahertz electric field transmitted through the sample at different pump beam delays t. This corresponds to the conductivity of photoexcited carriers averaged over the frequencies in the terahertz probe pulse. 18 In Fig. 1 the photoconductivity of the cascade structure at a temperature of 1.8 K ͑sample angle = 45°͒ is compared with that obtained on photoexcitation of the semi-insulating GaAs substrate ͑ = 225°͒ at 1.8 K and 300 K. The "onedimensional" pump probe scan for the substrate at 300 K is typical of bulk GaAs: The conductivity rapidly rises at zero time delay and decays nonexponentially owing to surface recombination. 19 At T = 1.8 K, however, the lifetime of photoexcited electrons in bulk GaAs becomes substantially longer than the time period between laser pulses ͑12.5 ns͒, resulting in nonzero conductivity at negative pump delay times ͑t ഛ 0͒ and no time-dependent response. The long electron lifetime has the additional consequence of enhancing the photoexcited carrier density above that generated by a single pulse, increasing the conductivity. The reduction in carrier-TO phonon scattering at low temperature 20 further boosts the conductivity. Considering now the data for the cascade structure at T = 1.8 K, the conductivity is roughly three times larger than that of bulk GaAs at the same temperature, implying a corresponding enhancement of the mobility. The conductivity at t ӷ 0 ps is slightly larger than that at t Ӷ 0 ps, and from this a mean recombination lifetime of 144 ns of the photoexcited quasiparticles was calculated. This value is long in comparison to typical lifetimes of excitons in quantum wells ͑of the order of 100 ps, Ref. 21͒, and may result from an enhanced electron-hole separation created by the quantum cascade structure.
B. Fluence and temperature dependence of the conductivity
The frequency dependence of the complex conductivity of photocarriers in the cascade samples was determined at a fixed pump-probe time delay ͑t = 200 ps, although as shown in Fig. 1 there is essentially no dynamic behavior͒, and is shown in Fig. 2 at various photoexcitation fluences from 3.4 to 154 J cm −2 . This corresponds to a photon fluence of F ϳ͑0.14-6.2͒ ϫ 10 11 cm −2 per pulse. Looking first at ͑͒ ͑Color online͒ Spectral dependence of the photoexcited conductivity ͑͒ at various pump fluences at T = 1.8 K. Points and shaded areas show ͑a͒ Re͓͔ and ͑b͒ Im͓͔ at pump fluences ͑from bottom to top͒ of 0.14, 0.50, 2.5, 3.7, and 6.2ϫ 10 11 cm −2 photons per pulse. Solid lines are fits using the conductivity model described in the text. ͑c͒ Re͓͔ as a function of photon frequency and pump fluence ͑black equals high conductivity͒. ͑d͒ Extracted exciton density N x ͑squares͒ and electron density N e ͑circles͒ from fits to ͑͒ at various pump fluences, at T = 1.8 K ͑filled markers͒ and T =20 K ͑unfilled markers͒.
at the lowest pump fluence ͓lowest points in Figs. 2͑a͒ and 2͑b͔͒, it can be seen that the real part of the conductivity peaks at 1.1 THz ͑4.6 meV͒, while the imaginary part of the conductivity has a zero crossing at the same frequency. This shape is a characteristic of both excitonic transitions 12, 14, 22 and of surface plasmons. 23 However, for surface plasmons the frequency of the resonance increases with the square root of the carrier density. The measured conductivity shows no substantial shift in the resonant frequency with a 40ϫ increase in pump fluence, as the data in Figs. 2͑a͒-2͑c͒ illustrate, ruling out surface plasmons as the dominant excitation.
The measured ͑͒ at low fluence can be well modeled by the resonant line shape expected for dipole-allowed transitions from the excitonic 1s to 2p state, 22 with a transition energy E 1s-2p = 4.6 meV ͓solid red lines in Figs. 2͑a͒ and 2͑b͔͒. The value of E 1s-2p is substantially closer to the transition energy for 3D Mott-Wannier excitons in GaAs E 1s-2p =3R X / 4 = 3.2 meV than the 2D energy E 1s-2p =32R X / 9 = 14.9 meV. This implies that the excitons in our quantum cascade structures are substantially 3D, and we therefore utilized 3D hydrogenic wave functions 24 in order to calculate the 1s-2p oscillator strength and extract N X from our fits. Similar curves to those in Fig. 2 were obtained for the 2.9 THz cascade structure, indicating that the exciton binding energy is comparable in the two designs. In contrast, previous terahertz time-domain spectroscopy measurements have found E 1s-2p = 8.3 meV for 10 nm GaAs/ Al 0.3 Ga 0.7 As quantum wells, 13 and E 1s-2p = 7.0 meV for 14 nm GaAs/ Al 0.3 Ga 0.7 As quantum wells. 12, 22 For our quantum cascade structures both the superlattice and the low Al barrier height act to reduce the confinement and therefore the exciton binding energy, because the exciton binding energy is lower in Al x Ga 1−x As than GaAs ͑Ref. 25͒.
The conductivity at higher pump fluence is also shown in Fig. 2 . With an increasing fluence we observe ͑i͒ the 1s-2p transition to shift to higher frequencies, ͑ii͒ the peak of the 1s-2p transition to rise then fall, and ͑iii͒ an increase in the real and imaginary parts of ͑͒ below the 1s-2p resonance. We have modeled these changes by adding to the excitonic conductivity the Drude conductivity of a free-electron gas. We obtain the solid curves in Figs. 2͑a͒ and 2͑b͒ using a constant electron scattering rate of 10 13 s −1 and varying the electron density N e , exciton density N X and E 1s-2p . A weak increase in E 1s-2p with fluence was found, from 4.6 meV to 5.8 meV at the highest fluence, which may result from exciton-exciton interactions renormalizing the exciton selfenergy at high densities. 26 The obtained carrier densities are plotted in Fig. 2͑d͒ against incident pump fluence. The electron density at T = 1.8 K ͑filled circles͒ increases linearly with fluence F, while the exciton density ͑filled squares͒ saturates at F =2ϫ 10 11 cm −2 before reducing at higher fluences. A similar effect was reported in Ref. 22 for single GaAs quantum wells, and was attributed to the exciton population acting like a free electron gas at high densities. Alternatively, the localized heating of the lattice by the pump beam may reduce the exciton density at high fluence via thermal dissociation.
The conductive response was also measured at a lattice temperature of 20 K at varying fluence. The measured conductivity ͑not shown͒ exhibited E 1s-2p = 5.0 meV at all fluences, and the exciton density ͑open squares in Fig. 2͒ was found to be lower than at T = 1.8 K. Correspondingly, the electron density at 20 K ͑open circles͒ was enhanced. This finding can be explained by the greater thermal dissociation of excitons into electron-hole pairs at higher T.
C. Magnetoconductivity of excitons and electrons
Recent years have seen increased interest in the behavior of quantum cascade lasers under external magnetic fields. 8, 9 Accordingly, we have investigated the response of electrons and excitons in our quantum cascade structures to an external magnetic field B applied parallel to the incident terahertz beam ͑Fig. 1 inset͒. In contrast to cyclotron resonance studies performed using narrowband terahertz sources 27, 28 this approach allowed the complex, frequency-dependent conductive response to be determined at each applied magnetic field. Previously, terahertz time-domain spectroscopy has been used to examine cyclotron motion in two-dimensional electron gases 29, 30 and parabolic quantum wells. 31 Data were obtained at low and high pump fluence for B = 0 -6.5 T, and at sample angles of 30°and 45°. In Figs. 3͑a͒ and 3͑b͒ the real and imaginary parts of ͑͒ at N e =7 ϫ 10 15 cm −3 are plotted at discrete values of B, while the real part of ͑ , B͒ is shown in Fig. 3͑c͒ . No substantial change in with B can be seen up to B = 1.0 T, above which the 1s-2p peak begins to split into two modes, labeled A and B in Fig. 3͑c͒ . Mode A increases linearly with field above B = 1.5 T, while mode B exhibits a weak redshift then a shallow blueshift with B.
Under a magnetic field the electric-dipole-allowed transitions between quasi-2D hydrogenic states conserve parity and obey ⌬m = Ϯ 1, where m is the magnetic quantum number. 32 The two modes can be assigned to dipole-allowed transitions between magnetoexciton states with different magnetic quantum number, namely 1s-2p + for mode A and 1s-2p − for mode B, where we use 3D spectroscopic notation to describe the excitonic states. 32 The 1s-2p 0 transition is dipole forbidden, as the 2p 0 level has m =0. 32 The dispersion of the modes with magnetic field arises from the excitonic wave functions becoming increasingly 2D at high B. Transitions between excitonic states with different electron or hole spin states are not observed here, as the splitting energies are smaller than the transition linewidths.
The observed behavior of the 1s-2p Ϯ modes is in agreement with variational calculations of the energy levels of hydrogenic systems. 33, 34 A detailed calculation of the evolution of the 1s-2p Ϯ matrix elements with B is required in order to extract the magnetoexciton density from the data of Fig. 3 . However, the oscillator strength of the 1s-2p − transition ͑mode B͒ can be seen to decrease at high magnetic field, in agreement with the trend reported in Ref. 33 .
An additional resonance in the conductivity is visible for the B = 3.75 T data in Figs. 3͑a͒ and 3͑b͒, as indicated by the arrows. This mode is the electron cyclotron resonance, as shown by the dotted line labeled C in Fig. 3 , which runs through =0, B = 0. The gradient of line C yields the effective mass of the cyclotron mode as m C = ͑0.073Ϯ 0.002͒m e , typical of conduction band electrons in a GaAs superlattice. In contrast, the effective mass m A = ͑0.061Ϯ 0.002͒m e of mode A at high B corresponds to the reduced effective mass of heavy hole excitons in the superlattice. Taking these values of the exciton and electron effective mass the calculated hole effective mass is m h = ͑0.37Ϯ 0.09͒m e , that of heavy holes in GaAs. It is worth noting that the modes in Figs. 3͑c͒ and 3͑d͒ cannot be described by the magnetoplasmon dispersion relation 31 because mode A does not tend to the cyclotron resonance at large magnetic fields.
The cyclotron resonance is more clearly visible in Fig.  3͑d͒ , which shows Re͓͑ , B͔͒ obtained at a sample angle of 45°and a higher electron density of N e = 1.2ϫ 10 16 cm −3 ͑at B =0 T͒. Modes A and B are again visible in this figure, and exhibit the same B dispersion as in Fig. 3͑c͒ . The similarity between the data obtained at different sample angles further indicates that excitons are quasi-3D in quantum cascade structures since the modes have not changed position, even though the component of B perpendicular to the wells has altered. However, the electron cyclotron resonance ͑mode C͒ is more pronounced in Fig. 3͑d͒ as a result of the greater proportion of electrons in comparison to excitons, and the 1s-2p Ϯ transitions are correspondingly weaker.
IV. CONCLUSION
In summary, we have measured the terahertz-frequency conductive response of magnetoexcitons and electrons in quantum cascade structures. The excitonic 1s-2p transition was observed at zero magnetic field and was characteristic of quasi-3D excitons. Under a magnetic field this excitonic transition split according to the magnetic quantum number of the final state. With increasing field the 1s-2p + energy was strongly enhanced, while the 1s-2p − transition changed less substantially. The effective masses of exciton and electrons in the cascade structure were determined directly from experiment, and the heavy hole mass was inferred. The results presented herein provide valuable information on the fundamental properties of excitons and electrons in quantum cascade structures, knowledge that will aid further improvements of device design and theory.
